Photoluminescence studies have been performed on poly ͓2,5-bis͑cheolestranoxy͒-1,4-phenylene vinylene͔ ͑BCHA͒ blends with poly͑9,9-dioctylfluorene͒ ͑PF͒. The composition-independent, distinctive emission of BCHA in the BCHA/PF blends suggests the nonexistence of interchain species in the blends, due to polymer chain separation by bulky side groups. The electroluminescence ͑EL͒ efficiencies of devices made with BCHA/PF blends were also found to be superior to the BCHA-only devices. For example, the EL efficiency of the BCHA ͑10%͒/PF device was 3.0 cd/A, which is about five times higher than a BCHA device. The basis for this enhancement has been attributed to improved charge injection and charge trapping in BCHA/PF blends. Holes are injected in these blends through the PF component and then transferred and trapped in BCHA, where radiative recombination subsequently occurs. As a result of improved minority-carrier injection, the turn-on voltages of the BCHA/PF devices are also much lower than the BCHA devices. © 2002 American Institute of Physics. ͓DOI: 10.1063/1.1459770͔ Poly ͓2,5-bis͑cheolestranoxy͒-1,4-phenylene vinylene͔ ͑BCHA͒ is a derivative of polyphenylene vinylene ͑PPV͒.
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In BCHA, the conjugated backbones are separated by bulky side chains and there is little evidence to substantiate the existence of interchain interactions even in solid-state films. As a result, BCHA has a much higher photoluminescence ͑PL͒ efficiency than the other PPV derivatives with relatively smaller side groups, such as poly ͓2-methoxy-5-͑2Ј-ethyl-hexyloxy͒-1,4-phenylene vinylene͔ ͑MEH-PPV͒, and poly͓2-butoxy, 5-͑2Ј-ethyl-hexyloxy-p-phenylene vinylene͔͒ ͑BEH-PPV͒. 2 However, the presence of the bulky side groups leads to poor charge injection and transport capability, thus offsetting the overall EL efficiency. The efficiency of BCHA-based polymer light-emitting diodes ͑PLEDs͒ reported in the literature is around 0.5 cd/A. 3 Blending of semiconducting polymers has been proven effective in improving the PL and EL efficiency of PLEDs. 4 -8 It has been recently reported that the PL and EL efficiency of MEH-PPV-based PLEDs could be dramatically enhanced by blending it with poly͑9,9-dioctylfluorene͒ ͑PF͒. PL studies and atomic-force microscopy showed that this enhancement could be chiefly attributed to the suppression of the MEH-PPV interchain interactions by the PF host. This effect was also confirmed by blending MEH-PPV with an inert polymer, polystyrene, which yielded similar results, providing further evidence that interchain interactions could be significantly suppressed by forming polymer solid solutions. 9 In this work, highly efficient PLEDs were fabricated using BCHA/PF blends. The EL efficiency of devices made with these blends was found to be six times higher than using only BCHA. Experimental results suggest that in the case of the BCHA/PF blends the observed enhancement in EL efficiency is due to improved charge injection and charge transfer rather than the suppression of interchain interactions by the PF host. In BCHA/PF blends, holes injected into the PF host are transferred and trapped in the BCHA components, which then serve as effective recombination centers.
PF and BCHA were dissolved in p-xylene separately. The two solutions were then mixed in different ratios to give the requisite weight percentages. Nominal BCHA concentrations are specified as the wt% in the PF host. The fabrication of polymer films and the details of the characterizations performed, such as PL, EL, and I -V measurements, can be found elsewhere. 8, 10 Thin-film cyclic voltammetry ͑CV͒ measurements were performed using a 0.1 mol/l electrolyte solution of electrochemical-grade tetrabutylammonium hexafluorophosphate in acetonitrile using a Bioanalytical Systems 100B electrochemical analyzer. The potential scan rate was fixed at 20 mV/s. A glassy carbon disk electrode ͑3 mm diam͒ coated with polymer films was used as the working electrode. A platinum wire and a silver ͑Ag͒ wire were used as the counterelectrode and the quasireference eleca͒ Author to whom correspondence should be addressed; electronic mail: yangy@ucla.edu APPLIED PHYSICS LETTERS VOLUME 80, NUMBER 11 18 MARCH 2002 trode, respectively. Polymer thin-film samples were prepared by drop casting polymer solutions onto the glassy carbon electrode and stored in vacuum to remove the solvent residue. All the values for the chemical potential quoted in this letter are with reference to the Ag wire. The electrochemical potential of the Ag wire was calibrated with respect to the ferrocene/ferrocenium (Fc/Fc ϩ ) couple and measured to be 0.1 eV relative to Ag/AgCl. The energy levels of the highest occupied molecular orbit (E HOMO ) and the lowest unoccupied molecular orbit (E LUMO ), corresponding to the electrochemical potentials, were estimated using the following equations: 11, 12 E HOMO ϭ͑E ox Ј ϩ4.4ϩ0.1͒eV,
where E ox Ј and E red Ј are the potentials at the onset of oxidation and reduction, respectively, relative to the Ag wire. Figure 1 shows the PL spectra of pure BCHA, PF, and their blends with different compositions. As can be seen in Fig. 1͑a͒ , when the films are photoexcited at 380 nm, emission from both PF and BCHA components can be observed, indicating that the energy transfer from PF to BCHA, if any, is not very effective. In addition, when the films are excited at 480 nm ͑where PF shows no absorption͒, the normalized emission spectra of the BCHA components are nearly independent of the composition of BCHA in the PF host ͓Fig. 1͑b͔͒. Moreover, the excitation profiles of pure BCHA and its blends with PF are similar regardless of the emission wavelength and the concentration of BCHA in PF, further confirming the absence of any kind of interchain interactions in the blend. These observations are different from the PL emission and excitation characteristics of the MEH-PPV/PF blends. The emission and excitation spectrum of the MEH-PPV component is highly sensitive to its concentration in PF due to the different densities of the interchain species of MEH-PPV. 8 It is well known that the formation of interchain species in BCHA films is most unlikely because of the separation of the conjugated backbone of BCHA by bulky, rigid side groups. 2 As a result, the dilution effects observed in the MEH-PPV/PF system 8 have little contribution in BCHA/PF blends, as can be seen in Figs. 1͑a͒ and 1͑b͒ . Figure 2 shows the EL spectra of pure BCHA, PF, and their blends. Analogous to the observations in the PL spectra, emissions from both PF and BCHA components are observed, further demonstrating the noneffective energy transfer from PF to BCHA. It can also be seen that for a given BCHA/PF blend, the ratio of the emission intensity of the PF component to the BCHA component is different from the PL spectra. The difference in the relative intensity of emission suggests that in the BCHA/PF blends the emissions under electrical and optical excitation involve different recombination centers, 4,13 which will be discussed later in this letter. The cyclic voltammograms measured for PF and a BCHA ͑50%͒/PF blend are shown in Fig. 3 . The cell current of pure PF is nearly two orders in magnitude larger than that of pure BCHA. It can also be seen that the reductionoxidation ͑redox͒ properties of the BCHA ͑50%͒/PF blend are mainly dominated by the PF component. The onset potentials for oxidation and reduction of PF were measured to be 1.3 and 2.25 V, respectively, relative to the Ag wire. This corresponds to an E HOMO of 5.8 eV and an E LUMO of 2.25 eV for PF, which are consistent with the results reported by Janietz et al. 12 The onset potentials for oxidation and reduction of BCHA are 1.1 and 1.4 V, respectively, which yield an E HOMO of 5.6 eV and an E LUMO of 3.1 eV. Based on these energy levels, it is expected that both electrons and holes can be more easily injected into BCHA than in PF in the BCHA/PF blends. However, the very small current response of pure BCHA, as shown in the inset of Fig. 3 , indicates poor charge injection and/or transport capability of spin-coated BCHA films. Recently, it was determined that the polymer/metal contacts formed by spin-coating polymer films have a greater barrier height due to separation of the electrode from the conjugated backbone of the polymer by nonconjugated side groups, as opposed to those formed by the thermal evaporation process wherein metal diffusion is involved.
14 Hence, due to the presence of the bulky side groups in BCHA, the barrier height at the BCHA/anode may be higher than estimated from the CV measurements. On the other hand, electrons as majority carriers can be easily injected into BCHA. As a result, BCHA devices exhibit poor efficiency due to unbalanced charge injection.
However, the presence of the less bulky PF units in the blends is expected to lower this barrier height. Hence, holes can be injected in the BCHA/PF blends through PF relatively easily, which is consistent with the observed domination of the electrochemical properties of BCHA/PF blends by the PF components. Also, since the E HOMO of BCHA is higher than that of PF, the holes injected through the PF host can be transferred efficiently to the BCHA components, which act as traps and effective recombination centers. As a result, the EL spectra of BCHA/PF blends show much larger emissions from the BCHA components than the PL spectra. Furthermore, due to the improved minority-carrier injection, the turn-on voltage of the BCHA ͑10%͒/PF blend device is only 3.2 V, which is much smaller than that of the pure BCHA device ͑5.0 V͒ and the pure PF device ͑4.0 V͒ ͑Fig. 4͒; the EL efficiency ͑recorded at a current density of 30 mA/cm 2 ͒ of the BCHA ͑10%͒/PF device is 3.0 cd/A, which is six times of 0.5 cd/A for the pure BCHA devices, as shown in the inset of Fig. 4 .
In summary, the optical, electrical, and electrochemical properties of BCHA/PF blends as well as their component homopolymers have been studied. The composition independence of both PL excitation spectra and emission spectra of BCHA components in BCHA/PF blends provides little evidence for the formation of interchain species in BCHA. The difference in the ratio of the emission intensity of the BCHA components to PF components in the PL and EL spectra suggests that different recombination centers are involved under electrical and optical excitation. Using BCHA/PF blends, the EL efficiency is significantly enhanced from about 0.5 cd/A of pure BCHA to nearly 3.0 cd/A in the BCHA ͑10%͒/PF blend. This enhancement can be attributed to the improved hole injection and transfer from the PF to the BCHA components in the binary blends. 
